a b s t r a c t
From 2014 to 2017, the World Health Organization convened a working group to evaluate influenza disease burden and vaccine efficacy to inform estimates of maternal influenza immunization program impact. The group evaluated existing systematic reviews and relevant primary studies, and conducted four new systematic reviews. There was strong evidence that maternal influenza immunization prevented influenza illness in pregnant women and their infants, although data on severe illness prevention were lacking. The limited number of studies reporting influenza incidence in pregnant women and infants under six months had highly variable estimates and underrepresented low-and middle-income countries. The evidence that maternal influenza immunization reduces the risk of adverse birth outcomes was conflicting, and many observational studies were subject to substantial bias. The lack of scientific clarity regarding disease burden or magnitude of vaccine efficacy against severe illness poses challenges for robust estimation of the potential impact of maternal influenza immunization programs. Ó 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Background and overview of World Health Organization (WHO) working group procedures
Pregnant women and infants under six months of age are among the population subgroups considered to be at high risk for serious influenza-related morbidity and mortality [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . As influenza vaccines are not licensed for use in infants under six months [11] , one strategy for preventing influenza illness in this age group is maternal immunization during pregnancy [12, 13] , an approach that provides both direct protection to pregnant women and indirect protection of their infants through transplacental antibody transfer [14] [15] [16] . Evidence primarily from observational studies has additionally suggested that maternal influenza immunization could prevent adverse birth outcomes [17, 18] ; however, this remains a topic of scientific debate [19] [20] [21] [22] .
Despite a 2012 WHO recommendation that pregnant women be prioritized for vaccine receipt in countries initiating or expanding influenza immunization programs [12] , maternal influenza immunization has not been incorporated into routine immunization programs in many low-and middle-income countries (LMICs) [23] . As part of a formal strategic review In 2013, Gavi, the Vaccine Alliance considered an investment in maternal influenza immunization programs in eligible LMICs but this was not pursued, partly because of limited data regarding the anticipated impact of such a strategy [24] . To address this data gap, the WHO Initiative for Vaccine Research convened a working group in December 2014 [25] with the following objectives: (i) to determine key parameters needed for future influenza vaccine impact and health economic modeling studies, with a focus on immunization of pregnant women in LMICs; (ii) to determine evidence-based estimates for these key parameters; (iii) to evaluate the quality of existing data informing these estimates; and (iv) to recommend future research to address these gaps.
The working group comprised 30 members, representing all WHO regions and with diverse expertise in child health; disease modeling; evidence evaluation methods [26] ; health economics; influenza epidemiology; obstetrics; perinatal epidemiology; and vaccinology (Appendix A). Three subgroups evaluated evidence related to influenza epidemiology in pregnant women, infants under six months of age, and the fetus. Evidence assembled included existing systematic reviews, randomized clinical trials (RCTs) of influenza vaccination in pregnancy (three of which were published during the lifespan of this working group [16, 27, 28] ), and other publications (e.g., highly-cited studies relevant to influenza virus infection or immunization during pregnancy). The working group also carried out four new systematic reviews [29] [30] [31] [32] . The objective of this report is to summarize the working group evidence evaluation and recommendations for research to inform estimates of maternal influenza immunization program impact.
Summary of key findings from WHO working group-initiated systematic reviews
The working group procedures used to design and conduct each new systematic review are summarized in Fig. 1 . Briefly, each review included the development of a structured research objective ( Table 1) ; engagement of an experienced medical librarian to design and execute the literature searches; and application of quality assessments to individual studies [33, 34] and across studies using Grading of Recommendations Assessment, Development and Evaluation (GRADE) criteria [26, 35] . Specific details about the scope of each review, the date of electronic literature searches, characteristics of included studies, and a quantitative summary of each review's findings can be found in Tables 1-3 , and by consulting the original publications [29] [30] [31] [32] . We were unable to standardize incidence rate estimates presented in this report, as the methods used by the primary studies to calculate them differed. As it is possible that our focused systematic reviews could have excluded studies relevant to our working group objectives, we also evaluated highly-cited, but excluded, studies on each particular topic to inform our conclusions and recommendations.
Review A:
Incidence of laboratory-confirmed influenza (LCI) outcomes among pregnant women [29] This systematic review of studies published up to February 20, 2015 sought to establish evidence-based incidence estimates of laboratory-confirmed influenza (LCI) outcomes among pregnant women (see Table 1 for list of outcomes and Table 2 for characteristics of included studies) [29] . Among the nine studies that met the inclusion criteria, six reported data exclusively from the 2009 H1N1 pandemic period, two reported exclusively from seasonal influenza epidemics, and one study covered both. Almost all (8/9 studies) were from high-income countries (Table 2) . Meta-analysis of incidence rates was not performed due to substantial heterogeneity and the small number of studies reporting any given outcome. Incidence estimates for symptomatic LCI infection ranged from 0.10 per 10,000 pregnant women (95% confidence interval [CI]: 0.07-0.14) to 486 per 10,000 pregnant women (95% CI: 375-630), the latter from the HIV-uninfected and HIV-infected placebo arms, combined, of an RCT of influenza immunization in pregnant women in South Africa [16] . Estimates of LCI hospitalization and intensive care unit (ICU) admission were similarly variable (Table 3) , likely due to differences in surveillance methodologies and influenza season variability. LCI mortality in pregnant women was reported by only four studies, all of which were case series conducted during the 2009 H1N1 pandemic. Rates ranged from 0.003 per 10,000 pregnant women (95% CI: 0.000-0.021) to 0.69 per 10,000 pregnant women (95% CI: 0.26-1.51), and were based on very low numerator counts (between one and eight deaths with LCI).
The primary rationale for excluding other commonlyreferenced studies reporting influenza outcomes among pregnant women was the lack of laboratory confirmation, which was a pre-specified inclusion criterion for the review. As a general observation, the excluded studies of influenza-associated outcomes in pregnant women tended to report rates that were higher than those described by the studies included in our review, likely explained by the use of a broad group of non-specific cardiopulmonary diagnostic codes from health administrative databases, which could overestimate influenza incidence due to misclassification of other influenza-like illnesses as influenza. For example, a Canadian study estimated that one in 1000 healthy pregnant women had seasonal influenza-associated hospitalizations per year, based on administrative diagnostic codes [36] ; this rate was higher than those reported by the studies in our review, all of which described laboratory-confirmed pandemic influenza (Table 3) . Two additional highly-cited studies [37, 38] not only used administrative diagnostic codes but also focused on trimesterspecific incidence alone, precluding direct comparisons with the studies in our review. We excluded studies reporting estimated incidence rates of influenza outcomes and excess burden of outcomes due to influenza [39] using ecological approaches and statistical modeling due to the absence of individual-level laboratory-confirmed data. Typically, these studies used regression models to analyze data over multiple seasons using influenza surveillance or administrative databases. This approach has most commonly been used to estimate excess mortality [40] and respiratory and circulatory hospitalizations in the general US population [41] . One such study of pregnant and non-pregnant women of childbearing age was conducted in South Africa [42] , where baseline maternal mortality rates are higher than in high-income countries. Between 1999 and 2009, the mean annual seasonal influenza-associated mortality rate was 12.6 per 100,000 personyears (95% CI: 7.2-18) among pregnant women, while the estimated H1N1pdm09 influenza virus-associated mortality rate was 19.3 per 100,000 person-years (95% CI: 11-27.6) [42] , higher than the rates reported by studies in our review. Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [86] . As the strategy of maternal influenza immunization is also expected to reduce influenza among infants under six months of age, we sought to determine incidence rates of LCI outcomes (Table 1) specifically within this age group [30] . Among 27 primary studies published up to April 19, 2017 that met inclusion criteria, 23 assessed incidence of LCI hospitalization. However, meta-analysis of study-specific rates was not possible due to high statistical and methodological heterogeneity. Of the 27 studies, 19 exclusively covered periods of seasonal influenza, two covered the 2009 H1N1 pandemic period, and six covered both (Table 2) . Most studies were from high-income (55%) or upper-middle income countries (30%), and no studies originated from low-income countries. Among US studies, the reported incidence of LCI hospitalization for infants under six months from influenza seasons between 2000 and 2012 ranged from 9.3 (95% CI: 7.9-10.9) to 91.2 (95% CI: 67.0-145) per 10,000 infants for seasonal influenza, while the estimate for H1N1pdm09 influenza was 20.2 per 10,000 infants (95% CI: 18.1-22.5). Although two non-US studies did not ascertain any hospitalizations of infants under six months in a few time periods (i.e., an incidence rate of zero [8, 43] ), most reported rates of LCI hospitalization for seasonal influenza that ranged between 6.2 (95% CI: 3.1-9.3) and 73.0 (95% CI: 40.6-122) per 10,000 infants under six months, with the exception of an estimated rate of 250 per 10,000 infants (95% CI: 213-292) in one study from China [44] . Of the nine studies that proposed to capture LCI deaths (Table 3) , only three ascertained any fatal cases among infants under six months. The most precise rate, from the 2003-2004 influenza season, estimated LCI mortality to be 0.88 per 100,000 infants under six months of age (95% CI: 0.52-1.39), based on 18 fatal cases with en/ c 9 countries were not specified in one of the included studies and, therefore, do not appear in the first two panels [87] . d One of the included studies was a global pooled analysis of 19 countries, which have been individually included in the first two panels [88] . Table 3 Main results from systematic evidence reviews carried out by the WHO working group.
Review Results
A: Incidence of laboratory-confirmed influenza (LCI) outcomes among pregnant women [29] Incidence of LCI infection using serology (3 studies) Limited number of studies reporting each of the outcomes, particularly few from non-US settings Meta-analysis of individual study incidence rates was not possible due to high heterogeneity There was wide variation in incidence rates for LCI hospitalization Incidence rates of LCI death among infants under six months were based on few cases (e.g., six out of nine studies did not ascertain any LCI deaths, and two additional studies documented 2-3 LCI deaths)
C: Pregnancy as a risk factor for severe outcomes from influenza virus infection [31] Risk of community-acquired pneumonia in pregnant vs. non-pregnant patients with influenza (8 studies) concurrent laboratory detection of influenza virus [10] . Although the cases were identified through an enhanced national surveillance effort in the United States, some were likely missed as laboratory testing is not always performed [10] . The highest rate was reported from a study of LCI deaths in Buenos Aires during the 2009 H1N1 pandemic; two deaths of infants under six months were recorded, with a corresponding LCI mortality rate of five per 100,000 infants (95% CI: 0.82-16.1) [45] . Most exclusions of primary studies from our review, that may have been included by other evidence reviews [46] , were due to non-reporting of data specific to infants under six months of age. We also excluded studies using the proportion-positive method of estimating influenza burden. These studies conduct surveillance for a clinical syndromes such as respiratory hospitalization, often aggregated over many sites, and report the proportion of samples that test positive for influenza. This method is sufficiently different from the primary design in our review (i.e., enumeration of individual laboratory-confirmed cases in a defined population) that a direct comparison of rates was not appropriate.
Review C: Pregnancy as a risk factor for severe outcomes from influenza virus infection [31]
The aim of this systematic review of published studies up to April 25, 2014 was to quantify the risk of severe influenza outcomes, as listed in Table 1 , among pregnant women with LCI illness relative to other population sub-groups with LCI illness [31] . Only 4% of all studies exclusively covered seasonal influenza observational periods, and the majority of studies were from high-income countries (76%; Table 2). Most individual-level studies enrolled hospitalized subjects (118/142; 83.1%). Pregnant women had a higher risk of LCI hospitalization than nonpregnant patients (pooled odds ratio [OR] 2.44; 95% CI: 1.22-4.87), but among those hospitalized, there was no increased risk for more severe outcomes such as LCI ICU admission, mechanical ventilation, or death (Table 3) . A sub-group analysis limited to studies using a comparison group of non-pregnant women of reproductive age found the risk of ICU admission to be significantly lower in pregnant women (pooled OR: 0.51, 95% CI: 0.42-0.62), suggesting that LCI hospitalization of pregnant women may be partly for precautionary reasons, given their lower likelihood of ICU admission. There was also no significant difference in LCI mortality of pregnant women once hospitalized (83/94 studies reporting mortality only included hospitalized LCI deaths). It is unclear whether the lack of association between pregnancy and severe LCI outcomes reflects pregnancy conferring similarly increased risk as other prevalent conditions in the comparison groups (e.g., cardiorespiratory disease, obesity, or older age), or whether it was a result of a lower threshold for hospitalization of pregnant women compared with other high-risk groups. Follow-up in the included [35] of overall evidence quality: low Maternal influenza during pregnancy and risk of fetal death (10 studies) Two fetal death studies were of sufficient quality and size to permit meaningful interpretation -Both reported an increased risk of fetal death following maternal H1N1pdm09 influenza: HR = 1.91 (95% CI: 1.07-3.41) for mild-to-moderate illness, and RR = 4.2 (95% CI: 1.42-12.4) for severe illness Modified GRADE assessment [35] of overall evidence quality: very low Summary: Meta-analysis of individual study effect estimates was not possible for preterm birth or fetal death due to high heterogeneity Several of the highest-quality studies suggested an association between severe influenza illness during the 2009 H1N1 pandemic and risk of preterm birth and fetal death An important limitation of this literature concerns the potential for different clinical thresholds for influenza testing/diagnosis/hospitalization among women with high-risk pregnancies or suspected poor pregnancy outcome, compared with women with low-risk pregnancies. Such differential misclassification of the exposure by outcome would be expected to inflate the magnitude of effect estimates, making influenza disease appear more strongly associated with poor outcome Abbreviations: CI: confidence interval; GRADE: Grading of Recommendations Assessment, Development and Evaluation; HR: hazard ratio; ICU: intensive care unit; LCI: laboratory-confirmed influenza; OR: odds ratio; RR: risk ratio.
a Based on incidence in the HIV-uninfected and HIV-infected placebo groups combined. b Four studies reporting LCI hospitalization provided estimates for both seasonal influenza and for H1N1pdm09 influenza.
studies was not initiated before contact with the healthcare system and studies did not account for illness severity or co-morbidity. The review identified important discrepancies between results from individual-level studies and ecologic studies. The latter generally reported a higher risk of influenza-associated death and ICU admission for pregnant women compared with non-pregnant women [31] . Study designs which estimate risk based on grouplevel data are prone to a number of biases [39] and, for this reason, were excluded from the systematic review. Other commonly-cited studies were excluded from the review [37, 38] as they defined influenza outcomes according to a broad group of non-specific cardiopulmonary diagnostic codes from health administrative databases during the influenza season without laboratory-confirmation.
Review D: Maternal influenza virus infection and adverse birth outcomes [32]
The aim of this systematic review of published studies up to December 5, 2014 was to evaluate the association between maternal influenza illness during pregnancy and adverse birth outcomes (Table 1 ) [32] . Among the 21 comparative studies identified, 20 used observational designs and originated from high-income countries, 14 reported exclusively on seasonal influenza periods, seven reported exclusively on the 2009 H1N1 pandemic, and two reported on both (Table 2 ). Individual-study estimates for preterm birth risk were highly variable (relative risks [RR] ranged from 0.4, 95% CI: 0.11-1.41 to 4.08, 95% CI: 3.56-4.67 [32] ). However, when limited to only the highest-quality studies, two reported significantly increased preterm birth risk (RR: 2.39, 95% CI: 1.64-3.49 [47] and RR: 4.0, 95% CI: 2.71-5.90 [48] ) associated with severe H1N1pdm09 influenza illness requiring hospitalization, while no association was reported by the three studies assessing mild-to-moderate H1N1pdm09 influenza illness [49] [50] [51] nor by the two highestquality studies of seasonal influenza [50, 52] . There were no significant differences in small-for-gestational-age (SGA) birth between women with and without influenza virus infection during pregnancy (pooled OR: 1.24, 95% CI: 0.96-1.59) [32] . Although fetal death (i.e., miscarriage and/or stillbirth) was included as an outcome by 10 studies, no meta-analysis was possible due to high variability in fetal death definitions and quality. The two highestquality studies reported a significantly increased risk of fetal death following maternal H1N1pdm09 influenza disease (RR 1.91, 95% CI: 1.07-3.41 for mild-to-moderate disease [49] and 4.2, 95% CI: 1.42-12.4 for severe disease [48] ). Vaccine RCTs can provide complementary evidence relating disease to non-specific clinical outcomes [53] , which is useful to consider in this context given the low-quality, mixed evidence from observational studies. We included one placebo-controlled RCT [16] in our review, in which the risk for preterm birth computed from raw study data did not differ between treatment arms, though the trial was not powered for this secondary outcome.
As this review considered only comparative studies (i.e., comparing birth outcomes among women with and without influenza virus infection during pregnancy), case series studies were excluded. With the exception of a few individual studies [54] [55] [56] , previous reviews showed that most of these case series studies reported higher than expected rates of pregnancy loss and preterm birth among infected pregnant women [57] [58] [59] , especially series of hospitalized women [57, [60] [61] [62] . Notwithstanding the limitations of case series [63] , the existing descriptive studies of influenza disease during pregnancy are more geographically diverse and offer additional contextual information about the clinical course of influenza illness during pregnancy, prevalence of maternal comorbid conditions (e.g., asthma, HIV co-infection), and other sociocultural factors that may affect both treatment and prevention. Taken together, the findings from our review and the excluded descriptive studies agree that pregnant women with severe H1N1pdm09 influenza disease requiring hospitalization appeared to have an increased risk of preterm birth and fetal death, though the limited data preclude firm conclusion on the magnitude. We did not find convincing data that mild maternal influenza virus infection was associated with any of the adverse birth outcomes mentioned above. 
Results from other evidence assembled by the WHO working group

Vaccine efficacy against LCI infection in pregnant women and newborns
Three RCTs of influenza immunization during pregnancy were, or became, available for review by the working group, originating from Bangladesh [15] , South Africa [16] and Mali [27] . A fourth trial from Nepal [28] was published as this report was being prepared, and a Cochrane review [64] is currently being updated to incorporate this new evidence. Table 4 presents vaccine efficacy (VE) estimates for prevention of LCI infection in mothers and infants up to six months of age from the RCTs. VE against LCI infection among pregnant women over six months of follow-up was 70% (95% CI: 42-86) in Mali [27] and 50% in South Africa (95% CI: 14-71) [16] , but not statistically significant in the recent RCT from Nepal (VE: 31% for all LCI in the combined cohort, 95% CI: À10 to 56) [28] . Among infants followed from birth to six months of age, VE estimates ranged from 30% (95% CI: 5-48) in Nepal [28] to 63% (95% CI: 5-85) in Bangladesh [15] .
Influenza vaccination and birth outcomes
The majority of studies of maternal influenza immunization and birth outcomes are observational epidemiologic studies and originate from high-income countries. Two published systematic reviews on this subject were available when the WHO working group was convened in 2014 [18, 65] . One review included 27 comparative studies assessing the association between maternal influenza immunization and preterm birth and fetal death up to April 2014 [18] . No safety concerns were identified, as none of the studies reported an increased association between influenza vaccine receipt and adverse outcomes. To the contrary, studies generally reported either no association or significant risk reductions for preterm birth (ranging from 14% to 37%) and late fetal death (ranging from 34% to 56%), which the authors cautioned could be attributed to important methodological limitations identified in many of the primary studies [18] . Another review of 19 studies published up to March 2014 [65] also concluded that there was no evidence to suggest any adverse effect of influenza vaccination during pregnancy on congenital anomalies or fetal death, but noted the limited number and quality of available studies.
Two methodological evaluations [19, 66] and a WHO expert consultation [22] recently explored issues related to the interpretation of observational studies reporting beneficial effects of maternal influenza immunization on adverse birth outcomes. In brief, existing observational studies have numerous limitations in study design and analytical methods [19] . The most compelling explanation for any large protective effect of influenza vaccination on adverse birth outcomes in observational studies is residual confounding due to preferential selection of vaccination by pregnant women with a more favorable health profile who, in turn, may be less likely to have an adverse birth outcome. This phenomenon has been well documented in observational studies of influenza vaccination in elderly adults [67, 68] . Moreover, one study that modeled data using a range of plausible scenarios for rates of influenza illness during pregnancy, vaccine effectiveness, and vaccine uptake, showed that the protective benefits of influenza vaccination for an outcome such as preterm birth would be expected to be very small and, thus, difficult to detect [66] . Taken together with what is known about the multi-factorial etiology of most adverse birth outcomes, it seems unlikely that influenza immunization would produce an improvement in birth outcomes to the magnitude observed by some observational studies [22] .
RCT results with respect to birth outcomes have also been mixed. In secondary analyses among a subset of 116 infants born during the influenza season, the trial conducted in Bangladesh found significantly higher mean birth weight (190 g, 95% CI: 9-378) and a lower percentage of SGA infants (37% reduction, 95% CI: 0-60) born to influenza-vaccinated women compared with infants born to women vaccinated with pneumococcal polysaccharide vaccine [69] . The recently-published trial from Nepal, the only RCT to include low birth weight (defined as <2500 g) as a primary outcome [28] , also found an increase in mean birth weight (influenza vaccine arm: 2803 g, placebo arm: 2761 g; 42-g increase, 95% CI: 8-76) corresponding to a 15% reduction in low birth weight (95% CI: 3-25) among infants born to influenza-vaccinated mothers compared with infants in the placebo group. However, there were no differences in SGA or preterm birth. In contrast, the two trials from Africa did not detect any differences in preterm birth [16] , low birth weight [16, 27] , or mean birth weight [16, 27] between treatment groups overall or when assessed by maternal influenza infection status [70] or birth during the influenza season [27] . It remains unclear whether the divergent findings resulted from protocol differences [71] , or due to geographical differences in influenza biology and/or baseline maternal-newborn health status.
Interpretation
Across the evidence compiled by this working group, the following general observations can be made:
Apart from the four influenza vaccine RCTs, which were conducted in Bangladesh [15] , South Africa [16] , Mali [27] , and Nepal [28] , LMICs were substantially under-represented among the primary publications included in each of the four WHOinitiated reviews, with much of the data originating from the United States in particular; With the exception of LCI hospitalization among infants under six months of age, limited influenza incidence data were available for seasons outside of the 2009 H1N1 pandemic period; A low number of studies, combined with high clinical, design and statistical heterogeneity, precluded quantitative metaanalysis in three of the four reviews initiated by the working group; and The overall quality of evidence in the working group-initiated systematic reviews, as assessed using the GRADE approach, was generally considered low to very low for most outcomes (Table 3) .
WHO has noted that policy-makers from LMICs are likely to place higher value on vaccines with demonstrated impact on severe influenza disease [72] . Thus, incidence estimates of influenza disease are essential for informing vaccine policy, investment decisions, and quantifying the potential impact of influenza vaccination programs on important public health outcomes [73, 74] . Our systematic reviews of LCI incidence rates in pregnant women [29] and infants under six months [30] found a limited number of studies, a wide range of estimates in incidence rates, and limited representation from LMICs where disease burden and severity may differ due to differences in influenza epidemiology, access to care, testing resources and practices, and background prevalence of underlying comorbid diseases such as HIV infection. A 2015 Bill and Melinda Gates Foundation convening of experts in maternal immunization reached a similar conclusion concerning the lack of robust influenza data to support financial and policy decisions, particularly for LMICs [75] . Given the predominance of highincome country studies, study results may be affected by access to high-quality medical care. Estimates from a systematic review of influenza in young children indicate a higher burden among infants under one year of age in LMICs compared with highincome countries [46] . The lack of more definitive baseline influenza disease burden estimates, including vaccine-preventable disease incidence against severe clinical outcomes such as pneumonia or respiratory disease mortality [53] , poses challenges for estimating the public health impact of incorporating maternal influenza immunization into national programs.
Similarly, evidence on the association between maternal influenza virus infection and adverse birth outcomes is necessary for clarifying expectations for improvement in these outcomes following influenza immunization [19, 76] . Despite a small number of high-quality studies suggesting an association between severe H1N1pdm09 influenza disease and preterm birth and fetal death, the magnitude of increased risk is unclear [32] . It also remains unclear whether adverse events were specific to H1N1pdm09 virus exposure or more generally to influenza virus exposure. Moreover, the observational evidence that maternal influenza immunization reduces the risk of such adverse birth outcomes is inconsistent and of limited quality. Recent examinations of the plausibility of this phenomenon recommend that studies suggesting that maternal vaccination has a substantial beneficial effect on adverse birth outcomes such as preterm birth or fetal death should be interpreted with caution [19, 22, 66] . The clinical significance of the 42-g increase in birth weight found in the recent Nepal study [28] deserves further investigation. Despite uncertain data on vaccine impact on adverse birth outcomes, there is nevertheless strong and consistent evidence that influenza immunization during pregnancy prevents influenza virus infection both in pregnant women and their infants, and thus should continue to serve as a primary guide for vaccine policy and investment strategies.
Recommendations
This WHO working group was initiated to review and interpret the evidence base used for global policy and funding decisions concerning maternal influenza immunization programs. The working group synthesized the current evidence on this topic (Table 3) and identified numerous evidence gaps (Table 5) . Specific recommendations relating to each of the four systematic reviews carried out by the working group can be found in Table 5 . Finally, we offer the following general research recommendations:
Best practices standards for the design, conduct, analysis, and reporting of influenza surveillance among pregnant women and infants under six months, along with uniformly-defined outcome measures and safety measures (e.g., recent Brighton Collaboration and STROBE recommendations [77, 78] ), would help improve study quality and comparability. Global standards for influenza surveillance recommend specific age groupings for reporting of data which include 0 to <2 years [79] . Recommendations to report disease data for infants under six months of age would facilitate systematic reviews and comparisons of results most relevant to maternal influenza immunization strategies. More geographically diverse and higher-quality studies are needed. The literature is dominated by case reports and case series published during the 2009 H1N1 pandemic. While these are important to alert medical and public health professionals about groups with unexpected risks, they are extremely limited in their ability to quantify disease risk or incidence, especially outside of pandemic time periods. Well-designed, multi-year comparative studies (disease risk) or population-based Table 5 Summary of remaining gaps in the evidence and WHO working group recommendations for future research.
Review
Evidence gaps and recommendations A: Incidence of laboratory-confirmed influenza (LCI) outcomes among pregnant women [29] Evidence gaps: Few studies describe incidence rates of LCI outcomes in pregnant women, particularly from seasonal epidemics No studies were identified from low-income countries Recommendations: Future incidence studies should be conducted using consistent, high-quality surveillance methods Studies from LMICs and during seasonal epidemics should be a priority B: Incidence of LCI outcomes among infants under six months of age [30] Evidence gaps: Limited number of incidence studies in this policy-relevant age group Limited number of studies were identified from LMICs Few studies evaluated LCI mortality, and few events were ascertained in studies assessing this outcome Recommendations:
High-quality population-based surveillance of LCI outcomes in infants under six months should be conducted, particularly in LMICs C: Pregnancy as a risk factor for severe outcomes from influenza virus infection [31] Evidence gaps: Limited evidence from influenza seaons other than 2009 H1N1 pandemic period Limited evidence from LMICs As a whole, current studies could not distinguish between whether pregnant women with influenza were hospitalized due to disease severity or for precautionary reasons related to concerns for fetal wellbeing Recommendations:
A longitudinal study where a community-derived cohort of pregnant and non-pregnant women of reproductive age with LCI influenza infection are prospectively followed for severe LCI outcomes D: Maternal influenza virus infection and adverse birth outcomes [32] Evidence gaps: Evidence is imbalanced with RCTs coming from LMICs, while observational studies are from highincome countries Lack of evidence on the possible interaction between stage of pregnancy and influenza infection on adverse birth outcomes Limited evidence of the impact of influenza other than H1N1pdm09 influenza on birth outcomes Limited evidence on the impact of influenza serotype on fetal death Recommendations:
Future high-quality studies should be conducted to assess the impact of maternal seasonal influenza infection during pregnancy on birth outcomes -A multi-site/multi-national study should be considered to be able to identify less common adverse birth outcomes, such as fetal death or congenital anomalies -Ideally, LCI illness should be used as the study exposure, with ascertainment of the gestational timing of the infection Abbreviations: LCI: laboratory-confirmed influenza; LMICs: low-and middle-income countries.
surveillance with systematic case ascertainment (disease incidence) are required, particularly from LMICs. As data on LCI outcomes from resource-poor countries may exist but remain unpublished [46] , and many studies of LCI outcomes among infants have not reported data on infants under six months of age separately, efforts should be directed toward aggregating these existing data before embarking on new studies in this age group. Phase IV clinical trials conducted to inform WHO policy recommendations should consider more severe illness endpoints, as these are the most important outcomes for many decision makers in LMICs [72] . Vaccine probe studies that include severe illness endpoints among pregnant women and young infants as well as measurement of all potentially important outcomes regardless of influenza confirmation (e.g., all-cause acute lower respiratory tract infection hospitalization [80] ) would be especially useful to quantify the public health benefit of influenza vaccine programs [53, 81] . However, we acknowledge that variable vaccine effectiveness and the large sample size required for studies of severe outcomes could make this approach unfeasible for logistic and financial reasons. Given limitations in the evidence base, we were unable to generate definitive pooled estimates for most of the key parameters pursued by this working group. Moreover, expected high heterogeneity across influenza seasons, geographies, and populations would suggest that no single estimate of each parameter will sufficiently inform impact and economic models. Our evidence-based reviews can, however, be used to provide a range of inputs for future impact and economic models, which should employ a probabilistic approach to generate outputs, tailored to the different context-specific geographical and socioeconomic factors of interest to policy makers.
Conclusion
This working group conducted an extensive review of disease burden related to maternal influenza immunization and concluded that available data are currently insufficient to estimate the potential impact of maternal immunization programs on severe influenza illness, particularly from LMICs. However, it is worth noting that there are broader potential benefits of an influenza vaccine program in pregnant women not considered by the working group. Influenza epidemics result in substantial economic costs and prevention of influenza illness can decrease ambulatory care visits, inappropriate antibiotic prescribing, and work/school absenteeism [12] . We did not attempt to quantify these additional impacts of influenza but they are important considerations for policy makers reviewing influenza programs. For most LMICs, maternal influenza immunization programs are the most programmatically feasible given the relative strength of antenatal care as an immunization platform [82] . Moreover, integration of immunization and health care services can improve healthcare delivery overall [83, 84] , suggesting that a Gavi investment in maternal immunization may have additional benefits to antenatal care overall [24] . Lastly, countries that have systems to regulate, procure, and distribute seasonal influenza vaccines will be better able to respond to a future influenza pandemic [85] . There are many potential benefits to a maternal influenza immunization program and more effort is needed to quantify their full public health value to inform vaccine policy and investment decisions.
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